Mechanically flexible active multielectrode arrays (MEA) have been developed for local signal amplification and high spatial resolution. However, their opaqueness limited optical observation and light stimulation during use. Here, we show a transparent, ultraflexible, and active MEA, which consists of transparent organic electrochemical transistors (OECTs) and transparent Au grid wirings. The transparent OECT is made of Au grid electrodes and has shown comparable performance with OECTs with nontransparent electrodes/wirings. The transparent active MEA realizes the spatial mapping of electrocorticogram electrical signals from an optogenetic rat with 1-mm spacing and shows lower light artifacts than noise level. Our active MEA would open up the possibility of precise investigation of a neural network system with direct light stimulation.
organic electrochemical transistors | thin films | multielectrode array | optogenetic | transparent electrode A multielectrode array (MEA), which is a device consisting of a 2D array of microelectrodes, is widely used to detect the action potential of neurons and/or muscle cells (1) (2) (3) . The characterization of neurons with MEA enables one to accurately measure positions of active/inactive cells, propagation of neural signals, and/or networking among multiple neurons, which cannot be measured by single-point detection (4, 5) . The applications of MEA can be classified into two groups-namely, in vitro arrays manufactured on glass and/or petri dishes (6, 7) and in vivo arrays made of microwires (8) and/or silicon-based needles (9) . The state of the art microneedle array for detecting the action potential of the brain has realized high spatial resolution of 200 μm (10) and high temporal resolution of 60 μs (11) simultaneously. Recently, a mechanically flexible MEA has been developed to realize conformal contact between curved surfaces of the brain and electrodes with minimal invasiveness (3, 8, 12, 13) . The flexible MEA has realized simultaneous recording of local field potentials and action potentials from the human cortical surface without penetrating the brain tissues (14) .
To advance MEA, an active electrode array, in which each passive electrode is coupled with an amplifier, has been examined to improve signal integrity (15) (16) (17) . Recently, the organic electrochemical transistor (OECT) has been intensively studied as an active component for the purposes of detection and amplification of biosignals. The mixed electronic and ionic transport in the active conducting polymer layer enables extremely high transconductance of ∼1 mS as well as fast response speed of ∼1 kHz (18, 19) . Because of the aforementioned properties, EEG (18) , electrocorticography (ECoG) (17) , and ECG (20) have all been measured using OECTs, with high signal-to-noise ratio (SNR) of at least 54 dB (17) . Furthermore, integration of OECTs acting as sensors and organic field effect transistors (OFETs) as a multiplexer was used to form an active electrode array (21) . In addition to a function of signal amplification, an active matrix design can significantly reduce the total number of wirings to access each microelectrode, realizing a scalable MEA design. Such an active matrix addresser, realized on a flexible substrate, has been well-researched for various active components, such as OFETs, silicon membrane transistors, and nanowire transistors (2, (22) (23) (24) (25) (26) (27) (28) .
However, optical transparency is needed in MEA for observing biotissues using optical microscopy or modulation of ions imaging (29, 30) . For this purpose, thin metal electrodes with typical thickness of ∼3-7 nm are used to achieve transparency with transmittance of ∼30-70% (31). Because thin metal cannot achieve high transmittance and high conductance simultaneously, fully transparent conductors are needed. From this viewpoint, indium-tin-oxide (ITO) (32) and graphene (30, 33) were used to realize a highly transparent MEA comprising transparent electrodes and transparent wires. Such a high transparency is needed particularly for MEA with the large number of multiple electrodes, because wirings occupy most of the area. Furthermore, transparent MEA will create a new tool that can stimulate cells and detect signals via both light and electricity.
However, a transparent and active MEA has not yet been realized owing to two technical difficulties. First, many transparent conductors and transistors exhibit large changes of electric performances under the illumination of light. Such photosensitivity, which is usually ascribed to the charge traps or band gaps in transparent materials (34, 35) , makes it difficult to detect small changes of active potentials of neurons by photoexcitation. Second, the integration of transparent conductors and transparent transistors requires sophisticated engineering of device designs, because transparency and conductivity of transparent conductors have a tradeoff relation (36, 37) . The optimized device structure must be designed such that process compatibility may be maintained. This requirement is much more difficult to meet when MEA is manufactured on flexible substrate owing to its low process temperature.
Significance
We have developed a transparent, ultraflexible, and active multielectrode array (MEA), which consists of transparent organic electrochemical transistors and transparent Au grid wirings. The micropatterned Au grid showed 60% transparency at 475-nm wavelength. The transparent active MEA showed the spatial mapping of electrocorticogram electrical signals from an optogenetic rat with 1-mm spacing and shows lower light artifacts than noise level.
In this work, we have successfully manufactured a transparent and active MEA on a 1.2-μm-thick parylene substrate. The device consists of transparent OECTs and transparent metal grid wirings, realizing high transparency on the entire device area. The Au grid wiring with linewidth of 3 μm, which is much smaller than the typical size of neurons, exhibits high transparency of 60% and low sheet resistance of 3 Ω/sq on 1.2-μm-thick parylene substrate. The mechanical durability of the Au grid was performed by applying compression strain on 100% prestretched elastomer. The current fluctuation of OECT is suppressed to less than 0.1% when a strong laser beam (150 mW) is illuminated on the channel of transparent OECTs. Furthermore, a 3 × 5 array of OECT has been manufactured with a total thickness of 3 μm, where each OECT exhibits large transconductance (g m ) of 1.1 mS and fast response time of 363 μs. Finally, the feasibility of a transparent and active MEA has been shown by mapping evoked response having an amplitude of ≈800 μV at the exact position where the cortical surface of an optogenetic rat is stimulated by a laser beam.
Results
The transparent MEA consisting of OECTs and Au metal grid wirings is manufactured on a 1.2-μm-thick parylene substrate (Fig. 1A) . The total thickness is as small as 3 μm, including the top encapsulation of a 1.2-μm-thick photoresist epoxy (SU-8) layer, resulting in high flexibility and conformability (8, 38) . The fabrication process is shown in Methods and SI Appendix, Fig. S1 in detail. The active layer of OECT is inherently transparent owing to the intrinsic transparency of thin poly(2,3-dihydrothieno-1,4-dioxin)-poly(styrenesulfonate) (PEDOT:PSS) active layers, whereas the transparency of wirings and electrodes is realized by Au metal grids (Fig. 1B) . Fig. 1C shows the cross-section of a transparent OECT. Fig. 1D shows the circuit diagram that enables selective access to each OECT by applying voltage to the selected line. A photograph of the 3 × 5 OECT array that is conformal onto a rat brain shows that the cerebrovascular of the brain can be recognized clearly through the devices (Fig. 1E) .
The Au grid electrodes are carefully characterized to ensure optimal transparency and conductivity. Fig. 2A shows the optical microscopic image of transparent and flexible Au grid electrodes. The transparency and sheet resistance depend on the width (w) of the grid and periodicity (p) of the unit (Fig. 2B) . The optical and electrical characteristics are investigated by changing p among 12, 15, and 18 μm, while w is fixed at 3 μm, which is the minimal resolution of our lithography system. Fig. S2 ), w and p must be optimally designed. Indeed, low sheet resistance of wires is important to minimize the voltage drop in the wire and subsequently, to apply sufficient voltage from the contact pads to the wired OECT channel. In the following experiment, w and p are set to be 3 and 18 μm, respectively. In this design, T c is 69%, which is compared with that of the ITO MEA for optogenetic applications (32) , whereas the sheet resistance is 3 Ω/sq, which is low enough to operate OECTs.
In addition to the high transparency and high conductivity mentioned above, another attribute of Au grids is good mechanical durability. To characterize mechanical durability, Au grids with the thickness of 70 nm are formed on 1.2-μm parylene substrates and covered by a 150-nm-thick PEDOT:PSS layer. For comparison, the reference sample, replacing 70-nm-thick Au grids with 70-nm-thick plane ITO, is also prepared. These devices are laminated onto elastomer that is prestretched by 100%. After the lamination, the compression strain of prestretched elastomer is slowly released to form wrinkling structures on the surface of the elastomer. Fig. 2D shows the microscopic images of Au grids on elastomer without compression and with compression strain of 30%. The Au grid and ITO with PEDOT:PSS were patterned with dimensions of 1 × 1 cm. Furthermore, a plain 100-nm-thick Au was deposited at the edge of the sheet of dimensions of 1 × 1 cm, with a contact pad of 1 × 0.5 cm. The sheet resistance of the 1 × 1-cm Au grid and ITO was measured under dry conditions using the two probes method. The sheet resistance is measured with increasing compression strain from 0 to 50%. The sheet resistance of the Au grid sample changes from 3 to 7 Ω/sq at the compression strain of 50%, while that of the ITO sample increases from 79 to 378 Ω/sq (Fig. 2E ). The cyclic test is then carried out, applying compression strain of 50% (Fig. 2F) . The resistance of the Au grid sample increases by 40 Ω/sq, whereas that of the ITO sample increases by 8 kΩ/sq, showing excellent mechanical durability of the Au grids.
The transparent OECTs made with the Au grids are prepared, and their I-V characteristics and time response are examined. For comparison, OECTs with nontransparent Au plane films without mesh structures, which are referred to as nontransparent (Fig. 3C) . τ is evaluated by fitting experimental data with an exponential function. The τ values of transparent and nontransparent OECTs were as low as 97 and 112 μs, respectively, with a gate voltage pulse of 100 mV (Fig. 3B) . The difference in τ is only 13%. The cutoff frequency for this device was 50 Hz, with the transconductance of more than 1 mS at 100 Hz (SI Appendix, Fig. S4 ). This is sufficient to measure the low-frequency ECoG of an optogenetic animal induced by light (39) . Moreover, the leakage current of SU-8 was measured with dc bias of 0.6 V (SI Appendix, Fig. S5 ). The leakage current of SU-8 was low at 8 nA/cm 2 after soaking in PBS of 37°C with the bias of 0.6 V for 24 h, although it showed poor sealing property when used as the passivation layer for reactive materials, such as Mg (40) . Also, the gate leakage current was low at 50 nA after soaking in PBS of 37°C for 24 h (SI Appendix, Fig. S6) . Therefore, the SU-8 passivation is sufficient for short-term surgical applications.
A 3 × 5 array of transparent OECTs is fabricated with 1-mm spacing (Fig. 3D) . The channel width and length are 70 and 20 μm, respectively (Fig. 3D, Inset) . Fig. 3 E and F shows the statistics of the transconductance and the response time for the array. The average transconductance and response time are 1.1 mS and 340 μs, respectively. The transconductance of the array is slightly lower than that of the discrete devices because of the channel dimension and resistance of the interconnection. With the lengths of the data and scan lines of 3 and 5 mm, respectively, and their width of 0.5 mm, the highest resistance of the grid interconnection can be estimated to be ≈48 Ω. Increasing the thickness of the gold layer beyond the 70 nm would allow for a larger and denser array of transparent OECTs (SI Appendix, Fig. S2 ).
In our array design with the simplest structure in which one cell is formed by one OECT, the cross-talk among sensor cells can be avoided by applying appropriate voltage biases (SI Appendix, Figs. S7 and S8), which is confirmed by the circuit simulator (SI Appendix, Figs. S9 and S10) and an experiment (SI Appendix, Fig. S11 ) for a 3 × 3 OECT array. The switching of our circuit can be controlled not by the gate bias (V gs ) but by the drain bias (V ds ). In addition, the load resistance (R L ) of the waveform generator/fast measurement unit (WGFMU), which was used for recording of the current, and the wire resistance (R W ) of the Au grid were low at ≈0 and 10 Ω, respectively. The low R L and R W minimize the cross-talk, while the cross-talk was noticeable when high R L and R W were introduced (SI Appendix, Figs. S12 and S13). The data line in the array is chosen by applying drain voltage (−0.6 V) to the selected line, while the other lines are connected to ground (0 V). The cross-talk evaluation is performed by measuring a cell or a data line while a sine wave of different frequencies is applied to each gate voltage and a drain voltage (−0.6 V) is applied to the measured cell. Both the circuit simulation (SI Appendix, Figs. S8-S10) and the experiment (SI Appendix, Fig. S11 ) showed clear current fluctuation of the sine wave, which has the same frequency as the measured cell. The feasibility of the transparent OECT array has been shown by ECoG recordings on the cortical surface of optogenetic rats (41, 42) . The rats express a light-sensitive gene, channelrodopsin-2, in their nerves and their terminals (43) . The ECoG signals are induced by a laser beam at the wavelength of 473 nm. To induce localized brain activity, the rat's brain surface is surgically exposed and targeted by fiber-guided laser stimulation. The 3 × 5 array of transparent OECTs is attached to the exposed surface of the brain and individually measured signals evoked by light stimulation through the device. The conformal contact between the device film and the surface of the brain is achieved by the ultraflexibility of thin films.
The laser beam illuminates the exact spot on the channel region of OECTs. Fig. 4A shows the photograph of the transparent OECT laminated on the cortical surface of the rat with the laser stimulation (40 mW). Owing to high transparency, the reflection of the laser stimulation on the device surface is minimized. Fig. 4 B and C shows the ΔI ds /g m under laser stimulations with different excitation intensities of 17, 40, 60, and 110 mW for transparent and nontransparent OECTs, respectively. The result for the transparent OECT exhibits double the amplitude (700 μV) compared with the nontransparent OECT (350 μV) at the same light intensity of 40 mW. The rms values were 38 and 60 μV for transparent OECT and nontransparent OECT, respectively. With increasing the laser power from 40 to 110 mW, the difference in electric signals between transparent and nontransparent OECTs decreases from 200 to 150% because of the saturation of the photoresponsivity at high intensity.
To exclude the possibilities of light artifacts, such as the Becquerel effect or light response of active materials, we measured the evoked potentials, with the rms of 0.03 μA, in response to a pair of light pulses (40 mW) with intervals of 4, 8, 12, and 20 ms (Fig. 4D) . Because the repolarization of the first neural excitation does not occur within 4 ms, one signal should be measured by a pair of pulses with an interval of 4 ms or less. One peak of the signal is recorded at intervals of 4 ms. With increasing interval, splitting of signals is clearly observed, because the repolarization of the first neural excitation has been completed. These electrical responses associated with repolarization time, which are known as a characteristic of neurons (39) of the artifact by light stimulation is comparable with the peakto-peak noise level of 0.1 μA (SI Appendix, Fig. S14 ). Nonetheless, the light is targeted directly onto devices. Because light artifacts are a common issue in optogenetic recordings (30) , additional discussion can be found later in the text. Using a 3 × 5 array of transparent OECTs with 1-mm 2 spatial resolution, mapping of activation potentials is measured. The device is placed on the cortical surface of an optogenetic rat. The laser beam from the optical fiber stimulates the center spot of the array (Fig. 4E) . Fig. 4F indicates a strong ECoG signal with an amplitude of 0.96 μA measured by the OECT at the center of the array. The SNR was 13 dB, whereas the peak-to-peak noise was 0.2 μA, and the rms noise level was recorded as 0.02 μA. Signals are also obtained at the upper and lower cells neighboring the central cell owing to the diffusion of laser fibers.
Discussion
Here, we discuss the scalability of our circuit design. Previously, a 4 × 4 array of OECT had been fabricated, in which each of the OECTs was individually wired (44) . Because an N × N array in the individually wired design requires N 2 wires, the area is dominated by wirings for a large N. In contrast, our active matrix design can reduce the number of wirings to 2N, realizing scalability for a large N. Note that our array has a simple design without access transistors. However, it does not suffer from cross-talk issues, because the current fluctuation of OECTs is measured without load impedance. Another type of active matrix design-each cell consisting of one OECT and one access transistor-can reduce the power consumption and the cross-talk induced by R L and R W as well as simplify the readout circuit (21, 25, 26, 45) ; thus, it is expected that integration of transparent OECT and access transistor will further improve the scalability from the viewpoint of power consumption and improved resolution of measurement.
Finally, we would like to emphasize again that the key to realize transparent active MEA is the elimination of light artifacts, which are frequently major problems in optogenetic neural signal recordings. Note that photosensitivity is suppressed in OECT for two reasons. First, the absorption of PEDOT:PSS in OECTs is significantly reduced in the blue-wavelength regime (46), because highly doped holes in PEDOT:PSS compensate for the site of the charge trap. Second, the Becquerel effect, which is inversely proportional to the site impedance, is suppressed by the low site impedance of PEDOT:PSS (47) . Indeed, it is reported that a Pt electrode with site impedance of 50 kΩ at 1 kHz could reduce the light artifact (39). Our PEDOT:PSS layer exhibits a lower site impedance of 10 kΩ at 1 kHz and 1,400 μm 2 (SI Appendix, Fig. S15 ) owing to high conductivity and the porous structure (48) . In this way, our device showed no detectable light artifacts, even under high-power laser stimulation (110 mW) (SI Appendix, Fig. S14) . 
Methods
Device Fabrications. Novec 1700 (3M) dissolved in Novec 7100 (3M) was spincoated on a glass wafer as a sacrificial layer. Parylene dix-SR was deposited as an ultrathin substrate of the device to fabricate 1.2-μm-thick films; 70-nmthick Au formed the pattern via the liftoff process. The device was encapsulated by 600 nm of parylene to separate the layer for interconnection; 70-nm-thick Au for interconnection was deposited by the liftoff process. For passivation, the 1.2-μm-thick SU-8(3005) was patterned by photolithography. The solution of PEDOT:PSS with additives (17) was spin-coated on the film at 2,000 rpm (Spincoater 1H-DX2, MIKASA). Finally, the PEDOT:PSS was patterned by dry-etching (49).
Characterization. All characterization of the OECTs was performed using a solution of PBS as the electrolyte and an Ag/AgCl wire (Warner Instruments) as the gate of the OECT electrode. The I-V characteristics of the OECTs and the OFETs were measured with a 4155C (Agilent). The WGFMU module of the B1500 (Keysight) measured the drain currents; the other WGFMU module measured the gate voltages of the OECT to determine the time response. A multifunction generator was used to generate the sinusoidal waves.
In Vivo Evaluation. Animal experiments were conducted in accordance with the Guidelines of the Animal Experiment Committee at the University of Tokyo. The rat [W-Tg(Thy1-COP4-YFP*)4Jfhy; National BioResource Project of the Rat in Japan; male, 12 wk old, 268 g] was anesthetized using 2-2.5%
isoflurane mixed with air, and the brain skull was incised to expose a cortical surface. Stimulation light with a wavelength of 473 nm was delivered from a laser source (COME2-LB473/586/200S; LUCIR). The neural signal was measured by connecting a semiconducting parameter analyzer (the WGFMU module of the B1500; Keysight) to the attached OECT device while optically stimulating the nerve terminal at repetitive rates of 2 Hz. The neural recording from matrix OECT was measured individually with the sampling rate of 1 kHz. The measured data were obtained from a single trace without averaging. The filtration of the noise above 1 kHz was obtained, implemented from the following formula:
+ t s y n−1 f −3dB + 1 f −3dB + t s ðx n − x n−1 Þ f −3dB , [1] where x, t s , and f −3dB denote the raw data, the interval time, and cutoff frequency, respectively.
